Etching of silicon in alkaline solutions: a critical look at the {111} minimum by Nijdam, A.J. et al.
*Corresponding author. Tel.: 31 53 4894435; fax: 31 53
4893343; e-mail: a.j.nijdam@el.utwente.nl.
Journal of Crystal Growth 198/199 (1999) 430—434
Etching of silicon in alkaline solutions:
a critical look at the M1 1 1N minimum
A.J. Nijdam!,*, J. van Suchtelen!,", J.W. Berenschot!, J.G.E. Gardeniers!, M. Elwenspoek!
! MESA Research Institute, Micromechanical Transducers, University of Twente, P.O. Box 217, 7500 AE Enschede, The Netherlands
" RIM, Department of Solid State Chemistry, Toernooiveld 1, 6525 ED Nijmegen, The Netherlands
Abstract
Anisotropic wet-chemical etching of silicon in alkaline solutions is a key technology in the fabrication of sensors and
actuators. In this technology, etching through masks is used for fast and reproducible shaping of micromechanical
structures. The etch rates RMhklN depend mainly on composition and temperature of the etchant. In a plot of etch rate
versus orientation, there is always a deep, cusped minimum for the M1 1 1N orientations. We have investigated the height
of the M1 1 1N etch-rate minimum, as well as the etching mechanisms that determine it. We found that in situations where
masks are involved, the height of the M1 1 1N minimum can be inßuenced by nucleation at a silicon/mask-junction.
A junction which inßuences etch or growth rates in this way can be recognized as a velocity source, a mathematical
concept developed by us that is also applicable to dislocations and grain boundaries. The activity of a velocity source
depends on the angle between the relevant M1 1 1N plane and the mask, and can thus have di⁄erent values at opposite
M1 1 1N sides of a thin wall etched in a micromechanical structure. This observation explains the little understood spread
in published data on etch rate of M1 1 1N and the anisotropy factor (often deÞned as R
100
/R
111
). ( 1999 Elsevier Science
B.V. All rights reserved.
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1. Introduction
Wet-chemical etching of silicon is a key techno-
logy in the fabrication of sensors and actuators. In
this technology, etching through masks is used for
fast and reproducible shaping of micromechanical
structures as, e.g. valves in microßuidic devices [1]
and channels for chromatography [2]. Etching in
acidic ßuorid solutions is isotropic [2,3] whereas
etching in alkaline solutions is anisotropic [4].
In anisotropic etching, the etch rates depend
mainly on composition and temperature of the
etchant [5]. Well-known anisotropic etchants are
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Fig. 1. Series of cross-sections of a S1 0 0T single-crystalline
silicon wafer (hatched) partly covered by an inert mask (black)
depicting di⁄erent stage during the etch process in an alkaline
echtant. Stage a depicts the wafer and its mask before etching.
KOH, NaOH, TMAH ((CH
3
)
4
NOH) and EDP (a
highly toxic mixture of water, ethenediamine, pyro-
catechol and pyrazine). To obtain maximum etch
rates, these etchants are used in highly concen-
trated (10—50 wt%) aqueous solutions at temper-
atures between 40¡C and 90¡C. Additives and
ultrasound vibrations can inßuence the surface
roughness [6—8].
The anisotropy factor [5,9] is an important para-
meter because it determines the reproducibility
and accuracy of anisotropic etching where M1 1 1N
bounded structures are involved. In literature, the
anisotropy factor has two deÞnitions: RM100N/RM111N
and RM100N/RUE (where RUE is the underetch rate).
Implicitly, it is assumed that RM111N
and R
UE
di⁄er
only in the angle between the M1 1 1N and the mask.
We will show that this assumption is not true by
using a technique that we developed a year ago and
identifying the phenomenon causing this as an
example of a velocity source [10,11].
2. Etch rate results
Last year, we presented a new way to produce
thin valves in microßuidics using double-sided
polished wafer processing without the need of
high-precision alignment [1]. In Fig. 1a, a cross-
section of a S1 0 0T single-crystalline silicon wafer
and the inert mask that partly covers it are shown.
Exposing such a patterned wafer to an anisotropic
etchant will cause the substrate to etch as is depic-
ted in the subsequent cross-sections (Fig. 1b—g).
The result is a very thin plate between an opening
in the wafer (left side) and a V-groove (right side).
This thin plate can be used as a passive valve in
microßuidic handling. For more details we refer to
Ref. [1].
Using this technology in four-fold symmetry pro-
duces the rosette depicted in Fig. 2a. A closer ex-
amination of the rosette however reveals that the
underetch under the mask is not the same on both
sides of the plate (Fig. 2b).
Using the same technique as before, we etched
thin M1 1 1N plates in double-sided polished S1 0 0T
single-crystalline silicon wafers. The opening of the
mask on the backside of the substrate was made
wider to the right (Fig. 1). We measured the un-
deretch on both sides of the plate as a function of
time. The underetches were determined using an
optical microscope.
In Fig. 3a, the results of such a measurement are
shown in a graph. Etch stage c (Fig. 1) is reached at
about 360 min. From then on, we observe a signiÞ-
cant increase for the R
UE
on the left side of the plate
(Fig. 3b). From the slopes in this graph, we deter-
mined the R
UE
from the upper line to be 24 nm/min
and from the lower line 7.5 nm/min. This leads to
two values of R
UE
, that di⁄er by a factor of about 3.
3. Discussion
The explanation for the fact that two di⁄erent
values for R
UE
arise, can be found in the etching
mechanism of the M1 1 1N plane. We have inspected
the two sides of the plate with an optical micro-
scope and the di⁄erential interference contrast
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Fig. 2. (a) Overview of the rosette that was made by using the
etching technique described in Fig. 1 in a four-fold symmetry.
(b) Close-up of the rosette showing di⁄erent underetch. The
black line represents silicon under the mask, whereas the grey
shades next to it represent the mask with no silicon under it, i.e.
the underetch.
Fig. 3. (a) Graph of the underetch measurements. The upper
line represents the underetch on the left side of the plate, while
the lower one represents the underetch on the right side.
(b) Schematic representation of the top of the plate.
technique (DICM) [12]. We found that the surface
structure on both sides di⁄ers signiÞcantly (Figs. 4
and 5). On the right side, we Þnd slightly hexagonal,
eccentrical etch pits appearing over the entire sur-
face (Fig. 4). On the left side, we Þnd circular, bun-
ched, stepped structures originating from the upper
edge, i.e. the same edge where the mask is attached
to the plate (Fig. 5).
From these observations, we draw the con-
clusion that the di⁄erence in underetch rate is in-
duced by and related with the di⁄erence in angle
between the mask and the M1 1 1N silicon surface.
We conclude that it is impossible to relate one of
these to RM111N by a simple geometrical factor.
Therefore, we prefer to deÞne the anisotropy factor
as RM100N/RUE.
4. The velocity source concept as an element
in the kinematic wave theory
In the kinematic wave theory [13,14] as it exists
today, this e⁄ect of di⁄erent R
UE
Õs cannot be ex-
plained, because the kinematic wave theory can,
strictly spoken, only be applied to freely ßoating
perfect single crystals. For situations involving
junctions between three or more interfaces meeting
in a line or between an interface and a dislocation,
certain boundary conditions have to be taken into
account at the location of the boundaries, which is
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Fig. 4. Composition photograph of the surface structure on the right side M1 1 1N plane of a plate. The entire surface is covered with
slightly hexagonal, eccentrical etch pits. The height of the plate is approx. 400 lm.
Fig. 5. Composition photograph of the surface structure of the left side M1 1 1N plane, i.e. the back side of the plate shown in Fig. 4. The
stepped structures nucleate at the higher borders of the plate, where the upper mask (Fig. 1) was attached. The height of the plate is
approx. 400 lm.
not recognized in the well-known geometrical con-
structions based on the kinematic wave theory by
Shaw [15]. These boundary conditions a⁄ect the
shape of the interface either microscopically or
macroscopically. In this case, their e⁄ect is macro-
scopic: a di⁄erence in R
UE
.
The Þrst of these conditions is that the mask
deÞnes the end of the surface — which is trivial, but
it leaves the orientation of the mobile surface unim-
paired. A second boundary condition Þxes this ori-
entation. This second boundary condition is either
given by the condition of mechanical equilibrium
or nucleation statistics (especially for faceted surfa-
ces, where etch rates depend on nucleation rates of
step trains).
Neglect of the second boundary condition im-
plies a constant value of R
UE
. This constant value
for R
UE
is geometrically related to RM111N as found
from a concave sphere-etch experiment, where
there are no junctions to increase the nucleation
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rate [4]. The relevant second boundary condition
in our case is the Õnucleation boundary conditionÕ
as referred to in Ref. [10]. It states that a certain
etch rate is imposed by the nucleation of step trains
by a junction. The reason for this is that atoms
situated at the junction are more easily removed by
the etch process than those in a planar position,
because the total bond energy is lower. As the
di⁄erence depends on the angle between the M1 1 1N
plane and the mask, the measured R
UE
will depend
on this angle too. Of course, also the orientation
will be slightly di⁄erent from S1 1 1T, as a conse-
quence of the nucleated step trains.
We may remark that velocity source behaviour
may equally well be induced by more trivial e⁄ects
such as irregularly advancing microcracks or
a grain boundary between the silicon and the mask
or even a dirty surface below the mask. The velocity
source concept is applicable to all cases; it is only
the nature and the scale of the mechanism which
di⁄ers. A more detailed description of the velocity
source concept can be found in Ref. [10]. The
velocity source concept may inßuence the inter-
pretation of the M1 1 1N minimum given by one of us
[16].
In our case, the inßuence of the silicon/mask-
junction may be expected to depend on the edge
angle, the mask material and temperature. Experi-
ments to verify such behaviour are currently in
progress.
5. Conclusions
We have shown by DICM optical microscopy
that the etching mechanism of the M1 1 1N planes in
silicon does not only depend on the parameters
mentioned in the introduction but also on their
orientation relative to the mask. This a⁄ects R
UE
,
which now cannot be related to RM111N by a geomet-
rical factor anymore because R
UE
is determined by
a step-nucleation process induced by the sili-
con/mask-junction. We identify this e⁄ect as a velo-
city source. We therefore prefer to use RM100N/RUE
for the anisotropy factor.
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